Abstract: The Λ separation energy for Λ-hypernuclei, denoted BΛ, measured in 1967Λ-hypernuclei, denoted BΛ, measured in , 1968Λ-hypernuclei, denoted BΛ, measured in , and 1973 are recalibrated using the contemporary best mass estimates for particles and nuclei. The recalibrated BΛ are systematically larger than the original published values except in the case of 6 Λ He. The early BΛ values measured in 1967, 1968, and 1973 are widely used in theoretical research, and the new results provide better constraints on the conclusions from such studies.
Introduction
A hypernucleus contains one or more strange quarks, and in the most common type of hypernucleus, a neutron is replaced by a Λ hyperon. The first hypernucleus was discovered by Marion Danysz and Jerzy Pniewski in 1952 in a balloon-flown emulsion plate [1] . Many other hypernuclei were observed during the following few years in emulsion experiments [2, 3] . The hypertriton is the lightest hypernucleus, and is composed of a proton, a neutron, and a Λ hyperon. The antimatter partner of the hypertriton was discovered in a heavy ion collision experiment by the STAR collaboration at the Relativistic Heavy Ion Collider (RHIC) located at Brookhaven National Laboratory in 2010 [4] and confirmed in 2015 by the ALICE collaboration at the Large Hadron Collider (LHC) located at CERN [5] . The hyperon-nucleon (Y N ) interaction plays an important role in understanding the strong nuclear force [6, 7] , and since hyperons may exist in the core of neutron stars [8] , the Y N interaction is also of importance for the study of neutron star properties [8] [9] [10] . Hyperon-nucleon scattering would be a good tool to explore the Y N interaction, however it is very challenging to obtain stable hyperon beams due to the hyperon's very short lifetime. Hypernuclei are a natural Y N interaction system and thus their lifetime and binding energy have a direct connection to the strength of Y N interaction [11] [12] [13] . A precise determination of hypernuclear lifetime and binding energy can serve as critical inputs for theoretical study of the strong force and of neutron star interiors [6] [7] [8] [9] [10] [11] [12] [14] [15] [16] .
Although data on hyperon-nucleon scattering is lacking, measurements of the Λ separation energy B Λ for Λ-hypernuclei have been available through nuclear emulsion experiments [2, 3, 9, [17] [18] [19] . The separation energy B Λ is defined as (M Λ + M core − M hypernucleus )c 2 , where M hypernucleus , M Λ and M core are the mass of hypernucleus, the Λ hyperon, and the nuclear core of the hypernucleus, respectively, and c is the speed of light. The B Λ measurements provided by emulsion experiments need to be revisited because the masses of particles and nuclei used in the original publications are significantly different from contemporary best estimates from the PDG (Particle Data Group) [20] and the AMDC (Atomic Mass Data Center, located at the Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou) [21, 22] . A case in point is a recent improved measurement of the hypertriton's B Λ reported by the STAR Collaboration in 2019 [23, 24] , where the best estimate is significantly larger than the previous commonly-cited value published in 1973 [19] . However, the early measurements of B Λ have been used as critical inputs for theoretical research. For example, Ref. [11] applied the ✚ πEFT approach at LO to s-shell Λ hypernuclei with precise few-body stochastic variational method calculations to address the over-binding problem of 5 Λ He. In another relevant example, Ref. [10] considered two different models of three-body force which is constrained by the Λ separation energy of medium-mass hypernuclei, but the authors obtained dramatically different results for the maximum mass of neutron stars using different models of the three-body force. Stronger constraints on the Y N interaction are necessary to properly understand the role of hyperons in neutron stars. From this point of view, it is timely and highly desirable to recalibrated these early measurements using the contemporary best mass estimates for particles and nuclei [20] [21] [22] to provide more accurate constraints for contemporary studies [9, 11, 25, 26] .
Techniques of recalibration
In the emulsion experiments, B Λ was defined by [2, 3] :
where Q is the total kinetic energy released when a hypernucleus decays through a mesonic decay channel, F ′ represents the nuclear core of the hypernucleus, M is the mass of a particle or nucleus, and the subscript i refers to the i th decay daughter. Q was determined using the range-energy relationship in emulsion [2, 3, [17] [18] [19] , while Q 0 was directly determined from the masses of particles and nuclei available at the time of publication. Because a series of papers for nuclide masses was published in 1954 [27] , 1960 [28] , 1962 [29] , 1965 [30] , 1971 [31] , and 1977 [32] , we here assume that the masses used in 1967 and 1968 were taken from the nuclide mass paper published in 1965 [30] , and the masses used in 1973 were taken from the nuclide mass paper published in 1971 [31] . The masses for π − , proton, Λ, and the relevant nuclei used in the past and in 2019 are listed in Table 1. From Table 1 , it is evident that the early masses of particles and nuclei are different from current values. Consequently, the Q 0 values used in 1967, 1968, and 1973 were such that the original published B Λ measurements were not as accurate as they could be. Fortunately, the early B Λ values can be recalibrated by comparing the difference in Q 0 between the old publications and modern numbers. According to the masses listed in Table 1 , the Q 0 for light hypernuclei with mass number A = 3 -15 are calculated for specific decay channels in the years 1967, 1968, 1973 , and 2019. Table 2 presents Q 0 and ∆Q 0 , where the latter is the difference between Q 0 in 2019 and Q 0 in the specific earlier year. ∆Q 0 is used for recalibrating the B Λ measured in 1967, 1968, and 1973. The original B Λ is recalibrated for each decay channel listed in Table 2 . After recalibration, this paper provides more precise estimations of the B Λ values. Table 3 lists the original and recalibrated B Λ values for a combination of all available decay channels for the listed Λ-hypernuclei with mass numbers A = 3-15. 
Results and discussions
We note that it is tempting to average the recalibrated early measurements for each hypernucleus to obtain a more precise best value. However, despite the small systematic error assigned to emulsion measurements [36] , it is argued in Ref. [37] that the systematic errors on those early measurements were significantly underestimated. Without a better understanding of the systematic uncertainty associated with emulsion measurements, it is not appropriate to perform a weighted average. From Table 3 , it is evident that the recalibrated B Λ values are systematically larger than the original estimates except in the case of [38] , which is also closer to our recalibrated values compared with the original values presented in 1973. These numbers corroborate the expectation that all the recalibrated B Λ values presented in this paper are indeed better estimates than the early measurements. In a related matter, the latest compilation of measurements yields a 3 Λ H lifetime shorter than the free Λ lifetime [13, 39] . A calculation in which the closure approximation was introduced to evaluate the wave functions by solving the three-body Faddeev equations, indicates that the 3 Λ H lifetime is (19 ± 2)% smaller than that of the Λ [40] . The shorter lifetime is consistent with a larger Λ separation energy in 3 Λ H. We also learn from Table 3 that B Λ for hypernuclei with the same mass number A but different electric charge are significantly different, i.e., the Charge Symmetry Breaking [41] (CSB) effect. Theoretical studies are particularly needed to address the CSB effect.
The recalibrated Λ separation energy B Λ of hypernuclei in 1973 (except for 7 Λ He, whose value dates from 1968) along with values [9] for hypernuclei with mass number A > 15 are collected in Figs. 1, 2 , and 3. Figure  1 shows B Λ as a function of hypernuclear mass number A. From Fig. 1 , it is evident that B Λ dramatically in-creases with mass number up to about A ∼ 15. As A becomes larger, B Λ increases more slowly and indicates a trend towards saturation in the limit of very large A. As shown in the right panel of Fig. 1 , a straight line provides a good fit to the recalibrated B Λ in the region of light hypernuclei, i.e., A < 15. Figure 2 investigates the strength of the interaction between a nucleon in the core of a hypernucleus and the bound Λ. From Fig. 2 , it is evident that the strength of the interaction between a nucleon and the Λ dramatically increases with A and then decreases. At very large A, it shows a tendency to flatten out. From the right panel of Fig. 2 , it is evident that B Λ /(A−1) reaches a maximum between A = 8 and A = 12. Fig. 3 presents B Λ versus A −2/3 . The dashed black curve is the solution of the Schrödinger equation with the standard Woods-Saxon potential [9] , which describes the medium and heavy mass range. A semi-empirical formula based on Fermi gas model is also employed to find the B Λ of light, medium, and heavy hypernuclei [42] as shown in Fig. 3 . Although this semi-empirical formula has a good performance at mid-mass range, it is not good at fitting the experiment data in light and heavy mass range. On the other hand, both Woods-Saxon potential and semi-empirical formula does not take into account the CSB effect. The right panel of Fig. 3 zooms-in on the region A ≤ 6, where theoretical calculations span in a wide range as shown in the right panel of Fig. 3 and consequently our recalibration becomes more important. [38] . The error bars are the reported uncertainties. The caps and error bars shown for the STAR and A1 measurements are the systematic and statistical uncertainty, respectively. The dashed black curve in the left panel was obtained by solving the Schrödinger equation with a standard Woods-Saxon potential [9] and the solid black curve is a semi-empirical formula [42] . The green vertical lines nearby experiment points are several representative fewbody calculations [11, 26] . The right panel shows a magnified view. In this panel, The STAR point and A1 point are moved away from their mass numbers a bit to make it visible. [9] . The S n and S p values are taken from a database maintained by the International Atomic Energy Agency (IAEA) [43] . The B Λ , S n , and S p are in units of MeV. We also investigate the difference between B Λ of hypernuclei and the corresponding binding energy of the last neutron and proton (S n and S p ) of ordinary nuclei, as shown in Table 4 . The B Λ increases with A, but S n and S p feature a significantly different behavior. This difference means that a Λ hyperon plays a role that is different from that of a nucleon in a nucleus. On the other hand, the increasing trend of B Λ may indicate that the Λ in a hypernucleus is bound by a few clusters formed by protons and neutrons, which interacts with the Λ. Some cluster model calculations show good agreement with experiment [44] .
Summary
In summary, early measurements of Λ separation energy B Λ for Λ hypernuclei published in 1967, 1968, and 1973 are recalibrated with the current most accurate mass values for particles and nuclei. The recalibrated B Λ are systematically larger than the original published values except in the case of 6 Λ He. Our recalibrated B Λ place new constraints on theoretical studies of the strong force, of the structure of hypernuclei, and of neutron star interiors. Although this paper provides better B Λ estimates by recalibrating early measurements using the modern masses of particles and nuclei, the latter may suffer from significant systematic uncertainties, such as from the energy-range relationship in emulsion. To further improve constraints on theoretical research, more precise measurements of fundamental properties of hypernuclei, like mass and binding energy, are highly desirable. More precise measurements can be expected in the near future, as a result of the on-going phase-II of the Beam Energy Scan program at RHIC, while further progress will be made possible by measurements at the High Intensity Accelerator Facility (HIAF) under construction in China [45] , at the Facility for Antiproton and Ion Research (FAIR) under construction in Germany, at the Japan Proton Accelerator Research Complex (J-PARC), and at the Nuclear Spectroscopic Telescope Array (NuS-TAR) in the US.
